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Abstract 
 
Objective—Aflatoxin is known to cross the placental barrier and exposures in utero could 
influence genomic programming, fetal growth and development, resulting in long term health 
effects. We aimed to determine aflatoxin exposure in Gambian women at two stages of pregnancy 
and during the rainy and dry seasons. 
 
Methods—We examined aflatoxin exposure in pregnant Gambian women at early (<16 weeks) 
and later (16 weeks onward) stages of pregnancy and at different times of the year, during the 
rainy (June to October 2009) or dry (November to May 2010) season, using aflatoxin albumin 
adducts (AF-alb). 
 
Results—Mean AF-alb was higher during the dry season than in the rainy season, in both early 
and later pregnancy although the difference was strongest in later pregnancy. There was a modest 
increase in AF-alb in later than early pregnancy (geometric mean 41.8 vs 34.5 pg/mg, P <.0.05), 
but this was restricted to the dry season when exposures were generally higher. 
 
Conclusions—The study confirmed that Gambian pregnant women were exposed to aflatoxin 
throughout the pregnancy, with higher levels in the dry season. There was some evidence in the 
dry season that women in later pregnancy had higher AF-alb levels than those in earlier 
pregnancy. Further research on the effects of exposure to this potent mutagen and carcinogen 
throughout pregnancy, including the epigenetic modification of fetal gene expression and impact 
on pre- and post-natal growth and development, are merited. 
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Introduction 
 
Aflatoxins are naturally-occurring secondary fungal metabolites mostly produced by 
Aspergillus species. Aflatoxin B1 (AFB1) is the most common and has been classified as a 
Group 1 human carcinogen by the International Agency for Research on Cancer (IARC 
2002). Numerous acute out-breaks of aflatoxin poisoning through the consumption of highly 
contaminated grain have been reported, of which one of the largest occurred in Kenya in 
2004, resulting in 317 cases of hepatic failure and 125 deaths (Azziz-Baumgartner et al. 
2005; Strosnider et al. 2006). Aflatoxin is associated with child growth faltering (Gong et al. 
2002, 2004) and possibly immune function impairment (Turner et al. 2003; Jiang et al. 
2005). Aflatoxin is a well-established and potent mutagen and teratogen as demonstrated in 
experimental models (Butler & Wigglesworth 1966; Qureshi et al. 1998; Marin et al. 2002). 
 
Aflatoxin contaminates a large proportion of the world’s staple foods, including maize and 
groundnuts (Wild & Gong 2010) and an estimated 4.5 billion people are exposed worldwide 
(Williams et al. 2004). Fungal growth and aflatoxin production can occur both in the field 
and during storage under warm and humid conditions (Hell et al. 2000). Changes in 
temperature and precipitation can also influence contamination levels (Cotty & Jaime- 
Garcia 2007). Consequently, season has been identified as an important factor in 
determining aflatoxin exposure in West Africa (Hell et al. 2000; Wild et al. 2000; Cotty & 
Jaime-Garcia 2007). In The Gambia, aflatoxin levels are usually higher following harvest 
and a period of storage during the dry season from November to May than during the rainy 
season from June to October (Wild et al. 2000). The rainy season has also been called the 
‘hungry’ season (vs. the dry ‘harvest’) because it is a period of intense physical activity but 
at a time when stores of staple foods are depleted (Thomson et al. 1966). 
 
Exposure to aflatoxin has been consistently reported to be high in The Gambia (Allen et al. 
1992; Turner et al. 2000; Wild et al. 2000). Maternal exposure is significantly associated 
with lower height and weight gain in infants during the first year of life (Turner et al. 2007). 
Such effects are consistent with aflatoxin crossing the placental barrier and being bio- 
activated in utero by hepatic cytochrome P450s (Li et al. 1997; Abdulrazzaq et al. 2002; 
Turner et al. 2007). However, it is unclear whether aflatoxin exposure changes during 
pregnancy, and how such a change may adversely affect the health of the mother and her 
child. This study aimed to understand aflatoxin exposure status during the early and later 
stages of pregnancy in rural Gambian women and explored possible interactions with 
seasonal influence on this relationship. 
 
Methods 
 
Study subjects 
 
The study site was based in the West Kiang region of The Gambia, a rural subsistence 
farming community of savannah and farmland. Women aged 18–45 years old were invited 
to participate in the ‘Methyl Donors and Epigenetics’ (MDEG) study which followed a sub- 
cohort of women to study the impact of nutrition at time of conception on DNA methylation 
patterns in offspring. The MDEG study was embedded in an on-going trial of pre-natal and 
infant nutritional supplementation on infant immune development: the ‘ENID’ Trial (Early 
 
 
  
Nutrition and Immune Development; ISRCTN49285450). Full details of the ENID Trial are 
presented elsewhere (Moore et al. 2012). 
 
Once enrolled, women were visited by a field assistant monthly to record the date of last 
menstrual period. Where a menses had been missed, pregnancy and date were confirmed by 
a urine pregnancy test, and for those who were positive in the urine test, a subsequent 
obstetric ultrasound test in the MRC Keneba clinic for date confirmation. Data on height, 
weight, village and self-reported ethnicity were also collected. A blood sample was collected 
before 16 weeks of pregnancy (defined as early pregnancy) and at 16–33 weeks of 
pregnancy (defined as “later pregnancy”). Blood samples were available from 134 women at 
early pregnancy, of whom 99 were followed up in the ENID study at later pregnancy and 
had blood samples available from this stage of pregnancy. Both sets of blood samples from 
these 99 women were used for this study to investigate aflatoxin exposure at different 
pregnancy stages and the impact of seasonality on exposure. For individual women there 
was a minimum of six weeks between the collection of the early and later pregnancy 
samples. The blood sampling fell either in the rainy (June to October) or dry (November to 
May) season. 
 
Blood was collected in EDTA vacutainer tubes and centrifuged at 2,750 g for 10 minutes at 
4 °C. The plasma was separated and stored as aliquots at −80 °C, before being shipped to the 
University of Leeds, UK for blood albumin and AF-alb biomarker analysis. 
 
Ethical approval was obtained from the Gambia Government/MRC Gambia Joint Ethics 
Committee and written informed consent was obtained from each participating woman. 
 
Blood albumin and AF-alb biomarker analysis 
 
Plasma samples were analysed for AF-alb using a competitive ELISA, as previously 
described (Chapot and Wild 1991) with modification. In brief, plasma (150–250 μl) was 
digested overnight with 5 mg/ml pronase at 37 °C. The digested protein was then purified 
using C18 cartridges (Waters, Hertfordshire, UK) and analysed by competitive ELISA. 
Samples were analysed in triplicate over two separate days. Intra-assay coefficient of 
variation (CV) was < 15 % and inter-assay CV was ≤ 25 %. Three positive quality controls 
of known AF-alb levels and one negative control were analysed alongside each batch of 
samples. The AF-alb level is presented with reference to the amount of albumin in the 
sample from which the AF-alb was measured (i.e. pg AF-alb/mg albumin). The limit of 
detection for AF-alb was 0.6 pg/mg albumin. 
 
An aliquot (20 μl) from each plasma sample was used to measure albumin levels using a 
commercial kit (Bio-quant, San Diego, CA, USA) based on the bromocresol green (BCG) 
method. 
 
Statistical analysis 
AF-alb was not normally distributed and was natural-log transformed prior to statistical 
analyses. Geometric means (GM) with 95% confidence intervals (CI) are presented for AF- 
alb levels. Differences in albumin and AF-alb levels by stage of pregnancy and by season of 
blood collection were tested using the Student’s t-test. The ANOVA model was used to test 
 
 
 
the interaction relationship between the stage of pregnancy and season of blood collection in 
relation to AF-alb or albumin levels. Spearman rank correlation analysis was used to assess 
the relationship between the AF-alb at the two stages of pregnancy. A P < 0.05 was 
considered statistically significant, and P <0.01 as highly significant. All data analyses were 
performed on Stata IC software (version 11, StataCorp, College Station, TX, USA). 
 
 
Results  
 
At the time the early pregnancy samples were collected, the average age of the women 
(mean ± SD) was 28.9 ± 6.5 years (range, 18–45 years). 70.3% of the women were of 
Mandinka ethnicity, 10.1% Fula and 19.6% of other or unknown ethnicity. 
 
Early pregnancy samples were obtained from 47 women during the dry season and from 87 
women during the rainy season. The mean gestation week of these women (mean ± SD) was 
8 ± 4 weeks. Of the 99 women who were followed-up for AF-alb during later pregnancy, 47 
provided samples during the dry season and 52 during the rainy season. Of the original 134 
women who were recruited, 35 were not followed up as they had either moved away or 
opted out of the study. The mean gestation week at the second sampling was 27 ± 3 weeks 
(range 16–33 weeks). There was an average 19 ± 5-week (range 6–33 weeks) gap between 
the two collections. 
 
Blood albumin and AF-alb biomarker 
 
The blood albumin and AF-alb levels by season of blood collection and stage of pregnancy 
are summarized in Table 1. The blood albumin levels were significantly higher during the 
early stages of pregnancy compared to the later stage (mean ± SD: 37.2 ± 9.1 vs 48.1 ± 14.9 
mg/ml, P<0.01), and there was no significant difference in albumin levels between the dry 
or rainy season. 
 
All samples tested had detectable AF-alb levels. AF-alb levels were not compared between 
villages due to the small number of subjects per village; age and ethnicity were not 
correlated with AF-alb levels. 
 
In relation to season of blood collection, AF-alb was higher during the dry season than the 
rainy season (GM: 52.8 vs 29.6 pg/mg, P < 0.01), although when stratified by stage of 
pregnancy a statistically significant difference was only seen among the women in later 
pregnancy (GM: 68.7 vs 26.6 pg/mg, P < 0.01) (Table 1). The levels of AF-alb in relation to 
rainfall in each month of blood collection are shown in Figure 1. 
 
AF-alb levels were higher during later than early pregnancy (GM: 41.8 pg/mg vs 34.5 
pg/mg, P <0.05). Significant difference was limited to samples collected during the dry 
season (GM: 68.7 pg/mg at the later stage vs 40.8 pg/mg at the early stage, P <0.05). 
 
The interaction between season of blood collection and stage of pregnancy in explaining 
AF-alb and albumin levels was further investigated using an ANOVA model (Table 2). For 
AF-alb levels, the overall model was statistically significant (F = 10.87, P < 0.01), with a 
significant interaction effect on AF-alb between pregnancy stage and season (P <0.01), and 
with a 2-fold difference between the exposure in later pregnancy in the dry season as 
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compared to early or later pregnancy during the rainy season. No interaction was found 
between pregnancy stage and season on blood albumin. 
 
Correlation between a woman’s AF-alb level at early and later pregnancy was tested using 
Spearman’s correlation analysis. The rank order of AF-alb at early and later stage of 
pregnancy were positively correlated (Spearman’s coefficient: 0.231, P <0.05). 
 
Discussion 
 
This study investigated possible changes in aflatoxin exposure during pregnancy, confirming 
ubiquitous exposure in this population at similar levels to those previously reported in adult 
subjects (Wild & Turner 2002, Turner et al. 2007; Wild et al. 1990, 1992, 2000). The main 
determinant of a pregnant woman’s exposure is season (highest AF-alb occurring in the dry 
season), with limited evidence for an effect of stage of pregnancy (higher AF-alb in later 
stages). The current findings have important implications for in utero child health effects, as 
it has been established that AFB1 can cross the placenta (Partanen et al. 2010) and exposure 
to aflatoxin in utero has been previously linked to impaired child growth (Turner et al. 
2007). 
 
The diet in West Kiang typically consists of a staple (refined white rice, millet or maize) 
with a sauce. This sauce is often a groundnut sauce mixed with vegetables, but sauces can 
also be made with other ingredients such as green leaves or fish (Prentice et al. 1993). The 
most likely sources of aflatoxin exposure are contaminated groundnuts and, to a lesser 
extent (because of lower consumption), maize, which together form key components of the 
diet in The Gambia (Hudson et al. 1992). Groundnuts are usually harvested between 
September and November (Roberts et al. 1982; Turner et al. 2000); afterwards they are 
either sold or stored in conditions that make them further susceptible to insect damage and 
fungal growth. 
 
In the dry season we did observe higher levels of aflatoxin exposure in women during later 
pregnancy than early pregnancy but not during the rainy season. There is a significant 
interaction between season of collection and pregnancy stage, which explains why the effect 
of late-stage pregnancy on AF-alb was seen only in the dry season. Overall, the stage of 
pregnancy is not strongly associated with AF-alb but season is. 
 
The rainy season in the Gambia is a period of heavy farming activity and food shortages 
(Paul et al. 1979; Roberts et al. 1982). It is possible that severe food shortage in the rainy/ 
hungry season has restricted the women from consuming more food to meet the increasing 
demand in later pregnancy, whilst in the dry season, when food is more abundant, the 
increased demand in later pregnancy can be satisfied. In the dry season, when groundnuts 
and maize are stored, aflatoxin levels rise. Thus aflatoxin exposure increases due to rising 
contamination and consumption during the same period. 
 
Seasonal variation in the presence of the R249S mutation, a p53 249 codon G to T mutation 
characteristic of human hepatocellular carcinoma in high AFB1 populations, has been 
observed in Gambian children and adults, where the dry season served as a surrogate 
indicator of high aflatoxin exposure (Villar et al. 2011). R249S serum concentrations were 
 
 
 
higher during the dry season, which is a period of high AFB1 exposure, than in the rainy 
season in hepatitis B virus (HBV)- negative subjects. 
 
It has been reported that CYP3A enzyme activity can increase during pregnancy (Tracy et 
al. 2005), and the CYP3A4 and CYP3A5 isoforms play an important role in the metabolism 
and conversion of AFB1 to the toxic AFB1-8,9-epoxide which binds DNA or albumin 
(Guengerich et al. 1998; Wojnowski et al. 2004). Such modifications to metabolism of 
AFB1 during later pregnancy may also contribute to the higher AF-alb levels observed in the 
present study in later compared to earlier pregnancy. 
 
A key question is why there is no difference in AF-alb levels in early pregnancy by season. 
This may be partly explained by the significant dip in basal and resting metabolic rates in 
Gambian women during early pregnancy compared to non-pregnant women, before a steady 
increase in both rates as pregnancy progresses (Lawrence et al. 1984; Poppitt et al. 1993). A 
lower metabolic rate during early pregnancy suggests a potentially lower food intake during 
this period, minimising the effect of season on AF-alb levels. 
 
Our data show that aflatoxin exposure for individual women was significantly correlated 
between early and later stages of pregnancy, suggesting that despite the effect of seasonality 
on levels of toxin intake, the level of contamination of household food stores is also 
relevant, although we did not directly measure aflatoxin levels in grains or groundnuts. 
 
It is worth noting that albumin concentrations were lower in later than early pregnancy. This 
is consistent with previous observations in French and Canadian women, whereby albumin 
levels dropped as pregnancy progressed (Bacq et al. 1996; Walker et al. 1999), possibly due 
to the increase in blood volume in later pregnancy (Pirani et al. 1973; Gallery et al. 1979). 
However, as the AF-alb level is presented after adjustment for albumin concentration, a 
discrepancy in albumin concentrations should not have a significant influence on the 
aflatoxin exposure biomarker. 
 
A critical ‘window of vulnerability’ exists in the early stages of fetal development, during 
which dietary exposures to aflatoxin, as in the case of other environment toxins, may affect 
the genomic programming of the foetus, including epigenetic changes that can subsequently 
modify gene expression (Gluckman et al. 2008). These changes can alter DNA methylation 
or histone modification patterns, which can affect mechanisms involved in growth, 
development and cell cycle regulation leading to an increased risk of cancer development. 
The changes introduced at this stage can be maintained throughout life and can adversely 
affect health in adulthood. However, aflatoxin exposure throughout pregnancy, including the 
later stages where the baby gains weight rapidly, may also affect fetal development and 
growth as demonstrated in an earlier study from The Gambia (Turner et al. 2007). Thus the 
timing of a child’s conception is likely to influence their exposure to aflatoxin in utero and 
possibly the subsequent adverse health effects. 
 
In summary, the study confirmed exposure to aflatoxin throughout pregnancy among 
women in The Gambia. Levels were higher in the dry season and there was some evidence 
that in this season women in later pregnancy had higher AF-alb levels than those in earlier 
pregnancy. Further research on the effects of exposure to this potent mutagen and 
 
 
 
carcinogen throughout pregnancy, including the effects on fetal gene expression are merited, 
given the ubiquitous nature of this exposure in many sub-Saharan African populations. 
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Figure 1. 
Geometric means of aflatoxin-albumin adduct presented by month of bleed with amount of 
rainfall per month collected during 2009–2010 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 1 
 
Blood albumin (mg/ml) and AF-alb (pg/mg albumin) levels by season and stage of pregnancy 
 
Albumin 
Dry Season 
Mean ± SD 
 
Rainy Season 
Mean ± SD 
 
Total 
Mean ± SD 
Early pregnancy 50.2 ± 14.6 (N = 47) 47.0 ± 15.0 (N = 87) 48.1 ± 14.9 (N = 134) 
Later pregnancy 37.8 ± 8.7* (N = 47) 36.6 ± 9.7* (N = 52) 37.2 ± 9.1* (N = 99) 
 
Total (Mean ± SD) 44.0 ± 13.5 43.2 ± 14.1 
 
AF-alb 
Dry Season 
GM (95% CI) 
 
Rainy Season 
GM (95% CI) 
 
Total 
GM (95% CI) 
Early pregnancy 40.6 (29.5, 55.8) (N = 47) 31.6 (26.2, 38.1) (N = 87) 34.5 (29.3, 40.7) (N = 134) 
Later pregnancy 68.7 (52.6, 89.7)* (N = 47) 26.6 (21.9, 32.4)a (N = 52) 41.8 (34.7, 50.3)b (N = 99) 
 
Total 
GM (95% CI) 
* 
52.8 (42.8, 65.2) 29.6 (25.8, 34.0)c 
Significant difference between data at early and later stages of pregnancy, P < 0.05 
 
a 
Significant difference between AF-alb levels in dry and rainy seasons at the later stage of pregnancy, P < 0.01 
 
b 
Significant difference between total AF-alb levels between the early and later stages of pregnancy, P < 0.05 
 
c 
Significant difference between total AF-alb levels between dry and rainy seasons, P < 0.01 
 
 
 
Table 2 
ANOVA analysis indicating the interaction of stage of pregnancy and season of blood collection on AF-alb 
but not on Albumin 
 
Variables 
Blood AF-alb 
F, p 
Blood Albumin 
F, p 
 
Pregnancy stage (early vs later pregancy) 2.14, 0.145 45.5, <0.01 
 
Season of blood collection (dry vs rainy season) 24.41, < 0.01 1.55, 0.21 
 
Pregnancy stage * season of blood collection 8.29, <0.01 0.33, 0.56 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
